Main conclusion 24-epibrassinolide overcame the inhibitory effect of brassinazole on the barley growth and the content of brassinosteroids.
Introduction
Brassinosteroids (BRs), a class of phytohormones, are essential for plant growth and development, including the promotion of stem elongation, pollen tube growth, leaf bending, leaf unrolling, root inhibition and cell division (Kutschera and Wang 2012; Bajguz and Piotrowska-Niczyporuk 2014; Tarkowska and Strnad 2018) . More than 60 compounds with structures related to that of brassinolide (BL) have been isolated from different plant organs such as pollen, anthers, seeds, leaves, stems, roots, flowers and grain as well as insect and crown galls. The presence of some bioactive BRs, i.e. BL, castasterone (CS), 6-deoxocastasterone (6dCS), teasterone (TE) and typhasterol (TY) was confirmed in many plant species that belong to all phyla of the plant kingdom like algae, pteridophytes, gymnosperms, monocots and dicots (Zhabinskii et al. 2015; Kanwar et al. 2017; Zullo 2018) .
BRs are synthesised from phytosterols (campesterol and campestanol, CN) through complex oxidative reactions resulting in the synthesis of BL via two parallel pathways, named the early and the late C-6 oxidation pathways. CN is, respectively, converted to 6-oxocampestanol (6-oxoCN), cathasterone (CT), TE, 3-dehydroteasterone (3DT), TY and then to CS, in the early C-6 oxidation pathway. In the second parallel pathway, CN is hydroxylated at C-22 to form 6-deoxocathasterone (6dCT) and then is converted to 6-deoxy forms of TE, 3DT, TY and CS. These pathways converge at CS, which ultimately leads to the synthesis of BL (Ye et al. 2011; Zhao and Li 2012; Chung and Choe 2013) .
Brassinazole (Brz) is a triazole derivative and an inhibitor of BR biosynthesis that has been developed to probe the functions of BRs. It can induce morphological changes, including dwarfism and altered leaf colour and curling, in dark-grown Arabidopsis thaliana and light-grown cress (Lepidium sativum) that are rescued by co-application of BR. Brz blocks the conversion of CN to 6dCT, 6dCT to 6-deoxoteasterone (6dTE), 6-oxoCN to CT and CT to TE in the biosynthetic pathways of BRs (Asami and Yoshida 1999; Asami et al. 2000 Asami et al. , 2003 .
In this study, we report the detection of several intermediates of BR pathways in the seedlings of Hordeum vulgare cv. Golden Promise. The ability of Brz to inhibit the biosynthesis of BRs was evaluated in barley leaves and roots. The application of exogenous BR against the inhibitory effect of Brz on the content of BRs is still poorly studied. Therefore, the aim of this paper was to use the combination of 24-epibrassinolide (EBL) and Brz to investigate the level of endogenous BRs.
Materials and methods

Plant material and growth condition
Kernels of Hordeum vulgare cv. Golden Promise were surface sterilised by immersion, first treated with 70% ethanol (EtOH) (5 min), then 4% sodium hypochlorite (10 min) and thoroughly rinsed with distilled water (3 times, 10 min). Kernels were sown in Petri dishes (diameter 10 cm, 10 kernels per dish) on moistened filter paper and kept in the dark for 24 h in 6 °C, then for 3 days in 22 °C. Then, germinated kernels (10 seedlings per pot) were transferred to plastic vessels (diameter 10 cm, height 5 cm) containing 250 mL of Hoagland solution and the appropriate amount of EBL and/ or Brz. The following compounds of Hoagland solution were used: 6.5 mM KNO 3 , 4.0 mM solution of Ca(NO 3 ) 2 , 2.0 mM NH 4 H 2 PO 4 , 2.0 mM solution of MgSO 4 , 4.6 µM H 3 BO 3 , 0.5 µM solution of MnCl 2 , 0.2 µM solution of ZnSO 4 , 0.1 µM solution of Na 2 MoO 4 , 0.2 µM solution of CuSO 4 , 45 µM Na 2 EDTA, and 45 µM solution of FeSO 4 . The pH was adjusted at 6.0 with 10 M KOH. Aeration was supplied continuously through air pumps in the nutrient solution. The seedlings were grown in a fully controlled growth chamber at (22.0 ± 0.5) °C, with a day/night cycle 16/8 h (photon flux of 150 µmol m −2 s −1 ) and the relative humidity of 65%. After 10 days of treatment, plants were harvested and separated into leaves and roots. Leaves and roots of six randomly selected plants per treatment were weighed and taken to analysis.
Chemicals
Standards: BL (purity > 95%), EBL (purity > 98%), CS (purity > 95%), 24-epicastasterone (ECS, purity > 98%), CT (purity > 95%), 6dCS (purity > 98%), 6dCT (purity > 90%), TY (purity > 90%), 6-deoxytyphasterol (6dTY, purity > 90%), 28-homobrassinolide (HBL, purity > 95%) and stable isotope-labelled standards: [ 2 H 3 ] brassinolide (d 3 -BL, purity > 95%) and [ 2 H 3 ]castasterone (d 3 -CS, purity > 94%) were purchased from OlChemIm s.r.o. (Olomouc, Czech Republic). Brz (purity > 93%) was purchased from TCI Europe N.V. (Zwijndrecht, Belgium). Acetonitrile (ACN), methanol (MeOH) and water (LC-MS grade), KOH and formic acid (FA) were purchased from Merck KGaA (Darmstadt, Germany). All reagents used to Hoagland solution were purchased from Sigma-Aldrich (St. Louis, USA). All solutions were prepared in ultrapure water (LC-MS grade). A solution of 10 µM EBL was prepared from 0.1 mM EBL stock dissolved in 70% EtOH. Brz was also dissolved in 70% EtOH. Weaker solutions of EBL and Brz were prepared by serial dilution. An equal amount of EtOH was added to the control. The final EtOH concentration in the culture medium did not exceed 0.25%, and this concentration did not affect the growth of seedlings.
Quantitative analysis of brassinosteroids
Plant tissues (0.1 g fresh weight (FW) of leaves or roots) were frozen in liquid nitrogen and ground into fine powder with a mortar and a pestle and then transferred into a 2-mL Eppendorf Protein LoBind PCR clean tube. The tissues were resuspended in 1 mL MeOH and homogenised in bead mill (50 Hz, 5 min; TissueLyser LT, Qiagen, Germany) using two 3 mm zirconium balls. The homogenates were centrifuged (9000×g, 5 min; MPW-55 Med. Instruments, Poland). This process was repeated five times. The homogenates (5 mL) were collected in 25 mL glass flask, and then the samples were mixed (90 rpm, dark, 5 °C, 12 h; Laboratory shaker LC-350, Pol-Eko-Aparatura sp. J., Poland). For quantification of BRs, d 3 -BL (2 ng) and d 3 -CS (2 ng) were added into the mixture followed by extraction with MeOH as internal standards. For screening of BRs, no internal standards were added. After extraction, plant particles were separated by centrifugation (9000×g, 5 min).
The endogenous BR level was determined using LC-QTOF-MS via sample preparation with ion exchange solid-phase extraction (SPE) (Xin et al. 2013) . Oasis MAX cartridge (6 mL, 500 mg; Waters, Milford, USA) was activated and equilibrated with MeOH, water, 1 M 1 3 KOH, 10% (v/v) MeOH and 95% (v/v) Each sample (10 µL) was injected onto a XBridge C 18 column (250 mm × 4.6 mm, 1.7 µm). The column temperature was held at 25 °C. The inlet method was set as follows: mobile phase A, 0.1% (v/v) FA in water and B, 0.1% (v/v) FA in ACN. Gradient was as follows: 0-2 min, 75% B; 2-14 min, 85% B; 14-40 min, 95% B; 40-42 min, 75% B; and 42-45 min, 75% B. The separation at a flow rate of 0.2 mL min −1 was employed. The MS parameters were optimised with mixture of standard solutions ESI Tuning Mix (Agilent Technologies, USA). Nitrogen was used not only as a nebulizer but also as drying and collision gas. The nebulizer gas pressure, drying gas pressure, curtain gas pressure, source voltage and source temperature were set at 60 psi, 50 psi, 30 psi, 3.5 kV and 350 °C, respectively. Spectra were acquired by summarizing 5000 single spectra. Full scan mode was used. Extraction of centroid spectra peaks with a width of 0.01 Da was used to pick up the extracted ion chromatograms from the total ion chromatogram. BRs and their corresponding internal standards were analysed in the positive-ion mode. Instrument control and data processing were carried out by Agilent MassHunter Workstation Software for LC/MS.
Analyte recovery was calculated as the ratio of the mean peak area of an unlabelled analyte, spiked before SPE purification, to the mean peak area of the same analyte, spiked after SPE purification, multiplied by 100 and finally expressed in percentage (Caban et al. 2012) . The average recovery for each determined BR was as follows: 85% for BL, 84% for 6dTY, 83% for EBL and 6dCS, 82% for CT, 81% for CS and TY, 80% for ECS and 78% for HBL.
Statistics
Each treatment consisted of two replicates and each experiment was carried out at least four times at different points (n = 8). Basic descriptive statistical analysis was performed using R (R Core Team 2018). The data were further assessed for normality and homogeneity of variances using the Shapiro-Wilk test ['stats' package (R Core Team 2018) 
Results
Barley cv. Golden Promise seedlings treated with Brz, EBL, combinations of Brz and EBL are presented in Fig. 1 . Brztreated seedlings showed limited growth in a concentrationdependent manner from 0.1 to 10 µM (Fig. 1a) . Application of EBL alone caused a slight stimulation of seedling growth at 0.1 µM (Fig. 1b) . In plants treated with 0.001 µM and 0.01 µM EBL, the phenotype was very similar to that of the control. Moreover, the retarding effect of the Brz on the elongation of barley seedlings was negated by the application of the EBL (Fig. 1c-d) .
Brz treatment did not affect the growth of roots and they were comparable to the control. Similar results were obtained when the mixtures of Brz and EBL were applied. However, a slight inhibition of the root growth was noted in plants treated with EBL at 1 µM or higher concentration (Fig. 1b) .
A LC-QTOF-MS analysis of barley cv. Golden Promise led to the detection of nine known BRs, i.e. BL, EBL, HBL, CS, ECS, CT, TY 6dTY and 6dCS both in the leaves (Table 1 ) and roots ( Table 2 ). The presence of these compounds in barley cv. Golden Promise is reported for the first time (Table 3 ). The highest level of BRs was detected in the leaves, i.e. BL and CT (2.98, 2.25 ng g −1 FW, respectively). Furthermore, the highest content of CS, CT and 6dTY was noted in the roots (1.38, 1.05, 0.19 ng g −1 FW, respectively). Trace amounts (< 1% of all BRs) of HBL and ECS were detected in the leaves; EBL in roots. Total amount of BRs was higher in the leaves (6.69 ng g −1 FW) than roots (2.93 ng g −1 FW). The influence of different treatments on BR accumulation in barley leaves was investigated (Fig. 2 , Table 1 ). According to the results, the application of Brz (0.1-10 µM) significantly decreased the content of BRs (p < 0.05) (Fig. 2a) . The content of BRs decreased gradually with the increasing concentrations of Brz, reaching the lowest level in seedlings treated with 10 µM Brz in relation to the control. For example, the content of BL decreased by 81% compared to untreated seedlings. In the range of concentrations 0.001-0.1 µM, the EBL had a stimulatory effect on the content of BRs in the leaves. However, the 1-10 µM EBL had an opposite effect, i.e. ECS, EBLS, HBL, 6dTY and 6dCS had not been detected in plants treated with 10 µM EBL (Fig. 2b) .
Application of 0.1 µM EBL had a slightly stimulatory effect on synthesis of BL and CS in seedlings treated with 0.1 µM Brz. Combination of 0.1 µM EBL and 1 µM Brz caused a slight decrease of CT, EBL, TY, 6dTY and 6dCS contents in relation to the control. However, in plants treated with 1 µM EBL and 10 µM Brz at least 30% decrease in BR content was reported (Fig. 2c , Table 1 ). Inhibition effect of 1 µM Brz on the BR content was restored by application of EBL at the range of concentrations 0.001-1 µM. In seedlings treated with the mixture of 1 µM Brz and 0.1 µM EBL the content of BRs was very similar to the control (Fig. 2d ).
Total inhibition of synthesis of ECS, HBL and 6dCS was noted in plants treated with 10 µM Brz and this effect had not been restored by the application of EBL (Table 1) .
In opposite to what was observed in the leaves, the Brz treatment in the range of concentration from 0.1 to 1 µM did not exert significant influence on the content of BRs in the roots. However, the highest 10 µM concentration of Brz led to the decreased BR content (Fig. 3a) .
The effect of EBL in the range 0.001-10 µM on the BR content is shown in Table 2 and Fig. 3b . A significant (p < 0.05) increase was found after application of 0.1 µM EBL. By contrast, treatment with 1-10 µM EBL resulted in inhibition of BR accumulation compared to the control or other EBL concentrations. However, the EBL treatment in 0.001-0.01 µM did not alter the endogenous levels of BRs, which were very similar to those of the control.
Addition of different combination of Brz and EBL concentrations overcame the inhibitory effect of Brz. The most effective on the content of BRs was a mixture of 0.1 µM EBL 
Discussion
BRs are commonly found in plants at very low concentrations. The presence of BRs has been confirmed both in monocotyledonous and dicotyledonous, as well as in algae, pteridophytes, gymnosperms. The largest amounts of BRs are present in the generative parts of plants, e.g. in pollen, fruits and seeds, but in fact the amount of BR varies considerably, and it may depend on the species and even the variety. The content of BRs in stems is in the range of 0.12-2 ng g −1 FW; however, in roots the levels are one magnitude lower, i.e. 0.05 ng g −1 FW (Bajguz and Tretyn 2003) . In plants of the Poaceae family, BRs have been found so far in rice (Oryza sativa) (Abe et al. 1984 (Abe et al. , 1995 Park et al. 1994; Suzuki et al. 1995; Wu et al. 2008; Asahina et al. 2014) , maize (Zea mays) (Gamoh et al. 1990; Suzuki et al. 1986; Kim et al. 2005) , wheat (Triticum aestivum) Janeczko and Swaczynova 2010) , rye (Secale cereale) (Schmidt et al. 1995; Antonchick et al. 2003 Antonchick et al. , 2005 , barley (Janeczko et al. 2011; Dockter et al. 2014) as well as in canary grass (Phalaris canariensis) (Shimada et al. 1996) and perennial ryegrass (Lolium perenne) (Taylor et al. 1993 ).
There are significant differences between types of BRs and their concentrations in different cereal species. The most widely distributed BRs in Poaceae are CS, BL, TY, 6dTY, TE and 6dTE. The levels and the profiles of BRs in Poaceae vary and there are many factors that modify them. Differences have been found between individual families, plant species and cultivars as well as between plant organs (Asahina et al. 2014) . Recent reports showed that few BRs have been identified in leaves of barley cultivars, i.e. BL, CS in cv. Sezam (Janeczko et al. 2011) ; CS, EBL and 28-homocastasterone (HCS) in cv. Bowman (Dockter et al. 2014; Gruszka et al. 2016a) ; CS in cv. Delisa (Gruszka et al. 2016b ). In the present study, we detected more BRs, i.e. BL, EBL, HBL, CS, ECS, CT, TY 6dTY and 6dCS both in the leaves and roots of cv. Golden Promise. The three BL, CT and CS are dominating in leaves, while the two CS and CT in roots. The present work revealed that some of the early and the late C-6 oxidation pathway metabolites were also detected. Because some of the BRs have not been analysed yet, i.e. 6dCT, 6dTE, 6-deoxo-3DT, TE and 3DT, there is no evidence which pathway is dominating in leaves and in roots. However, the results showed that the biosynthetic pathways of BRs also operate in barley seedlings of cv. Golden Promise.
It is known that bioactive BRs can be inactivated via different reactions including hydroxylation, glycosylation, sulfonation, demethylation, epimerization, esterification, dehydrogenation and side-chain cleavage at multiple positions (Bajguz 2007) . Present results showed that two epimers of BRs, i.e. EBL and ECS, were present in trace amounts. In the future, additional investigation will be required to reveal next downstream metabolites of BR biosynthetic pathways in this plant.
BRs regulate many aspects of plant growth and development. To examine the occurrence and functions of endogenous BRs in barley seedlings, we tested the action of the BR biosynthesis inhibitor-Brz. Barley growth (Fig. 1 ) and the composition of BRs were modified in leaves treated with Brz (Table 1) . However, the inhibition could be reversed by the exogenous treatment with EBL. Similarly, it was also reported that Brz induced dwarfism and curly phenotypes in soybean (Glycine max) (Mazorra et al. 2004) , dark-green leaves in light-grown cress (Lepidium sativum), cucumber (Cucumis sativus), tobacco (Nicotiana tabacum) (Nagata et al. 2001; Sekimata et al. 2001 ) and inhibition of Wolffia arrhiza growth (Bajguz and Asami 2005) . In cereals, the content and the profile of BRs were influenced by the exogenous application of BRs (Janeczko and Swaczynova 2010) . The impact of BR treatment on fluctuations of endogenous BR content may be explained by alterations of intermediate steps of BR metabolism or the direct influence on the biosynthetic pathways (Joo et al. 2015) .
Both pre-sowing soaking of the seeds or spraying the plants in the heading phase with an aqueous solution containing traces of ethanol increased the content of BL as well as ECS relative to the content of these compounds in the untreated seeds . Similarly to these results, EBL treatment (0.001-0.1 µM) also increased the endogenous content of BRs in seedlings of cv. Golden Promise but decreased BRs level when applied in higher concentrations, i.e. 1-10 µM. The treatment of seeds or plants also affected the BRs' profile in the newly emerging grains. BRs are most often applied as a spray on the aerial parts of plants (Kroutil et al. 2010) , while application through the root system (Janeczko and Swaczynova 2010) or through pre-sowing soaking of the seeds are less often reported (Sairam 1994) .
It has been found that the uptake and transport of the exogenous BRs depend on the application method (Symons et al. 2008 ). More efficient BR uptake and subsequently BR transport were associated with root application because roots' function is to uptake substances from the soil solution. The application of EBL to roots led to twofold increase of the endogenous content of EBL in the leaves compared to the control. Furthermore, the amount of EBL increased threefold after the application of a 20-fold higher concentration in leaves (Janeczko and Swaczynova 2010) . Presented results indicate that application of EBL to hydroponically cultured seedlings of barley has affected the content of BRs in leaves and roots in a dose-dependent manner. Effective BR transport applies only to hydroponic cultures, where direct and permanent contact of the solution with the root is ensured. Therefore, this study confirms that the exogenous BR could effectively either stimulate or inhibit the biosynthesis of BRs.
Present results revealed that the exogenous application of EBL at high concentrations (1-10 µM) inhibits the elongation of barley seedlings and root growth. Similarly, the bean second internode bioassay shows that application of high BR concentration resulted in the inhibition of growth (Thompson et al. 1981; Swaczynová et al. 2006) . On the other hand, low concentration of BR exerts a growth-promoting effect in stems of seedlings and young plants (Horvath et al. 2003) . The effect of BRs on root growth depends on the applied BR concentration, i.e. low concentrations can stimulate primary root growth, while higher ones can inhibit it (Roddick 1994; Haubrick and Assmann 2006) . EBL has an inhibitory effect on root formation in mung bean (Vigna radiata), wheat, maize, tomato (Lycopersicon esculentum) and Arabidopsis seedlings (Guan and Roddick 1988a, b; Roddick and Ikekawa 1992; Clouse et al. 1993; Roddick et al. 1993 ).
Auxin and BRs are known for their interdependence and demonstration of synergistic interactions in promoting mesocotyl elongation in maize seedlings (Kutschera and Wang 2016) . Despite the fact that the cross regulation between these phytohormones has been observed at several levels, including auxin activation of BR biosynthetic genes, BR regulation of the expression levels of auxin transporters and BIN2 phosphorylation of ARF2, its mechanisms appear unclear and insufficient to explain their mutual interdependence (Oh et al. 2014) . It is also known that BR not only does regulate cell elongation by modulating gibberellin (GA) metabolism in rice, but also promotes the accumulation of GA by regulating the expression of its metabolic genes to stimulate cell elongation. Low BR concentrations induce GA biosynthesis and inhibit GA inactivation, causing increased GA levels and cell elongation; however, high concentrations induce GA inactivation and the inhibition of cell elongation. In contrast, low GA concentrations repress BR signalling as well as biosynthesise BR through a feedback mechanism. Furthermore, high GA concentrations can activate BR signalling pathway to facilitate cell elongation (Tong et al. 2014) . Further research is required to explain the effect of interaction between BRs and other phytohormones on the level of these compounds in barley seedlings.
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